Objective To investigate the relation of diastolic blood pressure in pregnancy with birth weight and perinatal mortality. Design Prospective study. Setting 15 maternity units in one London health region, 1988-2000. Participants 210 814 first singleton births of babies weighing more than 200 g among mothers with no hypertension before 20 weeks' gestation and without proteinuria, delivering between 24 and 43 weeks' gestation. Main outcome measures Birth weight and perinatal mortality. Results The mean (SD) birth weight of babies born to mothers with no hypertension before 20 weeks' gestation or proteinuria was 3282 g (545 g) and there were 1335 perinatal deaths, compared with 94 perinatal deaths among women with proteinuria or a history of hypertension. Diastolic blood pressure at booking for antenatal checks was progressively higher from weeks 34 to 40 of gestation. The birth weight of babies being delivered after 34 weeks was highest for highest recorded maternal diastolic blood pressures of between 70 and 80 mm Hg and lower for blood pressures outside this range. Both low and high diastolic blood pressures were associated with statistically significantly higher perinatal mortality. Using a linear quadratic model, 94 of 825 (11.4%) perinatal deaths could be attributed to mothers having blood pressure differing from the optimal blood pressure (82.7 mm Hg) predicted by the fitted model. Most of these excess deaths occurred with blood pressures below the optimal value. Conclusions Both low and high diastolic blood pressures in women during pregnancy are associated with small babies and high perinatal mortality.
Introduction
Hypertensive disorders in pregnancy are a leading cause of maternal and perinatal mortality in the developed world 1 2 and have been extensively studied. Few studies, however, have reported fetal outcomes at lower blood pressures. In long term follow up studies, lower blood pressure (down to at least 115 mm Hg systolic and 75 mm Hg diastolic pressures) was associated with a lower risk of vascular and all cause mortality. 3 Low blood pressure has also been associated with symptoms, including unexplained tiredness, chronic fatigue syndrome, and recurrent syncope. [4] [5] [6] [7] It is particularly common in underweight women with a low muscle mass. 8 We hypothesised that the association of a low maternal weight with an increased risk of a low birthweight baby and poor infant survival 9 might be due in part to low blood pressure leading to poor placental perfusion. Three small studies reported that low maternal blood pressure in pregnancy is associated with low birth weight and an increased risk of small for gestational age babies. [10] [11] [12] Another study reported an increased risk of perinatal mortality. 13 Since 1988, prospective data have been collected on all pregnancies booked into 15 of the 17 maternity units in the North West Thames region of London using the St Mary's Maternity Information System. We used this database to investigate the association between blood pressure in pregnancy and fetal outcome (birth weight and perinatal mortality) in women without pre-existing hypertension or proteinuria.
Materials and methods
From 1988-2000, the St Mary's database included 585 291 pregnancies, of which 517 381 had a birth weight recorded. Data were entered by trained clerks or midwives, with online validation, prompting, and standard definitions for clinical measurements, giving high quality data. 14 We restricted our study to 222 218 singleton births between 24 and 43 weeks' gestation, weighing more than 200 g to nulliparous women (ensuring that only one delivery was included for each woman). For most analyses, we excluded 4733 births to women with pre-existing (chronic) hypertension and a further 6671 births to women with persistent proteinuria at any stage of pregnancy (thus excluding all women who developed pre-eclampsia). This left data on 210 814 mothers and their births.
Blood pressure measurements
Blood pressure was recorded as a clinical routine during the first and subsequent antenatal checks. In 1988, clinicians mostly recorded diastolic blood pressure using the Korotkoff phase IV heart sound, because of reports that heart sounds could be heard almost down to 0 mm Hg in a proportion of pregnant women. [15] [16] [17] [18] Since 1988 there has been a gradual change to using the Korotkoff phase V heart sound. [19] [20] [21] [22] When women delivered, the attending midwives determined the diastolic blood pressure and gestational age recorded at the first antenatal check and the highest diastolic blood pressure during pregnancy. To minimise sources of error, including variable maternal positions, inappropriately sized cuffs, rounding of terminal digits, and avoidance of thresholds, the midwives used clinical judgment and recorded a representative value. 23 When the database was first introduced, constraints on storage of data limited the number and size of variables that could be entered. At that time in the United Kingdom diastolic blood pressure in pregnancy was generally considered more important than systolic blood pressure.diastolic pressure is as informative about hypertension in pregnancy as are systolic and diastolic pressures. 25 
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Fetal outcomes
We defined perinatal mortality as a stillbirth (death before birth at, or after, 28 weeks' gestation until October 1992, and 24 weeks thereafter) or the death of a baby in its first week of life. We cross checked deaths against national death registrations and data from the Confidential Enquiry into Stillbirths and Death in Infancy. 27 
Maternal data
The St Mary's database also includes data on gestational age (weeks) at booking for antenatal checks and birth (using the clinician's best estimate based on the first day of the last menstrual period, or ultrasound measurements, which were offered during the study period); persistent important proteinuria (important according to the clinician's judgment on the basis of measurements of > 300 mg protein/l in a 24 hour urine specimen or at least two dipstick results suggesting albumin concentrations of 1 g/l). Data recorded on the women were ethnic group (based on self classification in discussion with the midwife), smoking status, height (metres), weight (kilograms), age at booking (years), and any major medical disorders.
Statistical analysis
We calculated the body mass index of each woman and her Carstairs' deprivation score, derived from residential postcodes. 28 For diastolic blood pressure and birth weight we adjusted for mother's ethnic group, smoking status, age at booking for antenatal checks, Carstairs' score, and height and weight. We adjusted blood pressure measurements for calendar year because of the secular shift from the Korotkoff phase IV to phase V heart sound. 19 20 We fitted log linear models to explore the relations between diastolic blood pressure and gestational age at booking and between highest maternal diastolic blood pressure and birth weight (figs 1 and 2). Logistic models were used to model perinatal mortality in relation to highest maternal diastolic blood pressure (figs 4 and 5). Because the residual distributions for the log linear models had much lighter tails than expected, we used bootstrap methods 29 to evaluate the confidence intervals on the fitted variables and to assess statistical significance (999 bootstrap samples were used to evaluate 95% confidence intervals in the figures). We used 9999 bootstrap samples to evaluate the tests for heterogeneity (F test, 2 test). 30 Our analyses include only those records for which all variables included in the model were available.
Results
We identified 210 814 first singleton births of babies weighing more than 200 g among women with no hypertension before 20 weeks' gestation and with no proteinuria, delivering between 24 and 43 weeks' gestation. The mean (SD) birth weight of the babies was 3282 g (545 g), and there were 1335 perinatal deaths. Recorded mean diastolic blood pressure at booking fell by an average of 0.23 mm Hg per year from 67.9 mm Hg in 1988 to 65.2 mm Hg in 2000. Table 1 shows the mean highest diastolic blood pressures during pregnancy and perinatal death rates for selected variables. We found statistically significant differences between groups for blood pressure by age at booking for antenatal checks; weeks of gestation at booking; mother's body mass index, ethnic group, Carstairs' score, and smoking status; birth weight, and year of birth. We also found statistically significant differences between groups for perinatal mortality for all variables except year of birth. Overall, there were 46 perinatal deaths in women excluded from the analysis with a history of hypertension and 58 perinatal deaths for those with proteinuria (including all cases of pre-eclampsia). In 10 of these women there was a history of hypertension and proteinuria; thus 94 perinatal deaths occurred in the excluded group; 93.4% of all perinatal deaths (1335 of 1429 deaths) therefore occurred in women without a history of hypertension and who did not develop pre-eclampsia. Figure 1 shows diastolic blood pressures at booking for antenatal checks and weeks of gestation among 169 249 women when both were recorded. Substantial numbers of women had their first antenatal check at all gestations from eight to 40 weeks, thus providing cross sectional data on blood pressures through pregnancy. Mean diastolic blood pressure was 66.6 mm Hg in the first trimester and 66.3 mm Hg in the second trimester. It was progressively higher after 34 weeks' gestation, reaching 68.4 mm Hg by 40 weeks' gestation or more. This was after adjustment for the mother's ethnic group, smoking status, height and weight, calendar year, age at booking, and Carstairs' score; similar changes were also observed in the unadjusted data.
Before 34 weeks' gestation there was no substantial correlation between highest blood pressure in pregnancy and birth weight (data not shown). At 34 weeks' gestation or more, however, there was an inverted U shaped relation between birth weight and blood pressure, with a maximum birth weight at around 80 mm Hg (fig 2) . When birth weight was adjusted for maternal height and weight, the relation remained similar but shifted slightly towards lower blood pressures. The relation of birth weight with blood pressure could not be explained by confounding by gestational age; analysis of the Z scores of birth weights (by gestational age) showed the same relation (data not shown). To account for the effects of obstetric interventions on relation between highest antenatal blood pressure and birth weight, we reanalysed the data only for women with spontaneous onset of labour at term (37-42 weeks' gestation). We found no material change in the results (data not shown).
Birth weight in relation to rises in blood pressure during pregnancy depended on the blood pressure at booking (fig 3) . A blood pressure of 70 mm Hg or more at booking was associated with the highest birth weights as long as the blood pressure rise during pregnancy did not exceed 10 mm Hg; with rises greater than this, birth weight fell sharply. If the blood pressure at booking was less than 70 mm Hg, birth weight rose as the rise became greater, but started to fall again if the rise exceeded 30 mm Hg.
Perinatal mortality showed a strong curvilinear association with highest diastolic blood pressure (fig 4) . In particular, if linear quadratic models were fitted to the data, the quadratic term was highly statistically significantly different from zero and remained so even when we excluded women with highest diastolic pressures of less than 60 mm Hg. This relation largely disappeared if corrected for birth weight (fig 4) . Of the 824 perinatal deaths contributing to this analysis, we estimated that 94.3 (11.4%) were attributable to women with blood pressure differing from the optimal blood pressure (82.7 mm Hg) predicted by the linear quadratic model; most (91.2%) of these excess perinatal deaths (86.1) occurred among women with lower blood pressures (table 2), mainly in the ranges 70-79 mm Hg (51.2 excess deaths) and 60-69 mm Hg (30.9 excess deaths; table 2). Perinatal mortality still exhibited a strong curvilinear association with highest diastolic blood pressure even when we included women with proteinuria or chronic hypertension ( fig  5) ; in linear quadratic models, the quadratic term was still highly statistically significantly different from zero. In this larger group, 98.7 perinatal deaths (11.2%) were attributable to mothers with blood pressure differing from the optimal blood pressure (80.4 mm Hg) predicted by the linear quadratic model; most (70.1%) of these excess perinatal deaths (69.2) occurred among mothers with lower blood pressures (see table 2 ).
Discussion
During pregnancy, both low and high diastolic blood pressures in women are associated with small for gestational age babies and high perinatal mortality. Blood pressure in women without pre-existing hypertension or pre-eclampsia falls slightly during the first half of pregnancy, but then rises from around 34 weeks onwards, suggesting a physiological mechanism. [31] [32] [33] [34] Our analysis was based on a single blood pressure measurement for women at booking for antenatal care. The findings are similar to longitudinal observations on women followed through pregnancy, but with smaller datasets. 35 We adjusted for multiple potential confounders since booking late for antenatal care is associated with adverse socioeconomic factors that might influence blood pressure.
From 34 weeks' gestation onwards, birth weight was maximal when the highest recorded blood pressure during pregnancy was between 70 and 90 mm Hg diastolic. The relation was an inverted U shape, so that both higher and lower blood pressures were associated with lower birth weights. The association of blood pressure with birth weight remained, even allowing for the effects of gestational age and maternal height and weight (some of the association of body mass with birth weight might itself be mediated through blood pressure). A positive quadratic (U shaped) association was also seen with perinatal mortality, largely mediated through the association of blood pressure with birth weight. The size of our database confers high statistical power. We included over 1300 perinatal deaths, which is five and 14 times larger than the two largest previous studies. 13 36 The first of these studies found a threefold increased risk of perinatal death with low blood pressure and a fourfold increased risk with non-proteinuric hypertension, whereas the second study found an increase only with hypertension.
Our findings support two previous small studies of women with low blood pressure in pregnancy that found lower birth weights and an increase in preterm deliveries 12 and small for gestational age babies. 10 In another study, birth weight was related to low blood pressure as well as high blood pressure in the third trimester. 13 In a controlled trial to prevent pre-eclampsia, atenolol produced a significant reduction in the incidence of preeclampsia but also reduced mean birth weight by 440 g, 37 which the authors attributed to the drug's lowering effect on blood pressure; in a meta-analysis of antihypertensives in pregnancy, a mean diastolic blood pressure lower by 10 mm Hg or more was associated with an increased risk of small for gestational age babies. 38 The effect of a rise in blood pressure during pregnancy depends on the level at booking for antenatal care. A high blood pressure at booking is advantageous for birth weight as long as there is only a small rise (less than 15 mm Hg) in blood pressure thereafter. If the blood pressure at booking is low (70 mm Hg or less), however, a rise of 15-30 mm Hg is beneficial. This supports the concept that the rise in blood pressure in the third trimester is advantageous for fetal growth and may be a response to placental function failing to keep pace with fetal growth.
Strengths of study
The strengths of our study include the large numbers of women studied and their geographical coherence (only two maternity units in the region chose not to contribute data). A potential weakness is that the data were collected as part of routine obstetric practice, with the variability that implies. Women with high blood pressure in pregnancy are more likely to have received medical or obstetric interventions such as early induction of labour and caesarean section, thereby reducing the incidence of high blood pressure and increasing the risk of low birthweight babies. This would increase the incidence of low birthweight babies at the higher end of the blood pressure distribution, thus overestimating the effect of high blood pressure on low birth weight. Separate analysis of data from women with spontaneous onset of labour at term, however, gave essentially unchanged results. Women with low blood pressure were more likely to have booked late for antenatal care and therefore to have fewer hospital antenatal checks, but the differences were slight. The small decrease in mean diastolic blood pressure by calendar year, suggesting a shift in measurement from the Korotkoff phase IV to phase V heart sound, was corrected for in the regression models by adjusting for calendar year. The size of this decrease was small.
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What is already known on this topic
The measurement of maternal blood pressure is a key part of antenatal care
Hypertension is associated with low birth weight and increased perinatal mortality, but data on the effects on the fetus of low maternal blood pressure are scarce
What this study adds
Birth weight is maximal and perinatal mortality lowest when the highest maternal blood pressure during pregnancy is between 70 and 90 mm Hg Low as well as high blood pressures are associated with low birth weight and increased perinatal mortality
